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Abstract 
 
The purpose of this project is to develop the batch reaction data for a soda-lime-silicate glass 
needed to improve the batch part of the glass-furnace model being developed for the glass 
industry. Evolved gas analysis combined with batch expansion measurement and thermal 
analysis was successfully applied to obtain batch reaction data. The heat-capacity 
measurement by differential scanning calorimetry (DSC) was suggested as a promising 
method to derive the heat-of-fusion data inexpensively for many different technical glass 
batches. More tests on a variety of glass batches and parametric studies of the suggested 
methods are needed for validation. The experimental methods for batch reaction studies and 
the methodology for obtaining inexpensive heat-of-fusion data developed in this study can 
also be applied to various types of other technical glasses. 
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Introduction 
 

The Energy Efficiency section of the Glass Industry Technology Roadmap identified 
“accurate validated melter models” (including batch melting, combustion, and glass flow) as a 
high-priority research and development (R&D) need for improved energy efficiency.  The 
purpose of this G Plus project is to develop the batch reaction data for a soda-lime-silicate 
glass needed to improve the batch part of the glass furnace model (GFM) being developed at 
Argonne National Laboratory (ANL) for the glass industry.  Libbey Inc. is an Industrial 
Partner of the consortium formed for the project titled “Development and Validation of a 
Coupled Combustion Space/Glass Bath Simulation.”  
 

The important techniques for studying batch melting reactions have been 
thermogravimetric analysis and differential thermal analysis (TGA-DTA) (Wilburn and 
Thomasson 1958; Thomasson and Wilburn 1960; Warburton and Wilburn 1961 and 1963; 
Hong and Speyer 1993; Hong et al. 1993).  These thermal analyses typically use a very small 
amount of batch sample (100 mg or less) and are ideal for detailed studies on specific 
parameters using rather simplified batches.  Batch expansion measurement has been applied 
to study the foam generated from batch melting reactions using a larger size batch (5 to 25g) 
(Kim and Hrma 1990).  These methods can also be integrated with other techniques, such as 
X-ray diffraction (XRD), to identify the reaction products (Mukerji et al. 1980; Izak et al. 
2001a and 2001b), hot-stage microscope to observe the reactions as they occur (Wilburn et al. 
1965), and evolved gas analysis (EGA) to determine the gas evolution rate as the reactions 
progress (Krämer 1980; Laimböck 1998 and 2000; Kawachi et al. 1999).  This project applies 
the TGA-DTA and the methods for measuring batch expansion, both combined with EGA, to 
study melting reactions occurring in two- and three-component batches and 100% batches 
(referred to a normal batch containing all five major raw materials plus gypsum and carbocite) 
with and without glass cullet.  
 

In addition to batch melting reactions, the batch part of the glass furnace model requires 
the data on heat capacity and heat of fusion on the batch materials and the glass cullet.  The 
heat capacity of the glass was determined as a function of temperature using differential 
scanning calorimetry (DSC).  The procedure for measuring heat capacity was also applied to 
the batch of raw materials to estimate the heat of fusion (or theoretical energy requirement for 
the fusion of glass) for the 100% batch.  The heat of fusion for the 100% batch was calculated 
based on the method developed by Madivate (1998) and Madivate et al. (1996).  The heat of 
fusion obtained from DSC measurement was compared with the calculated value using the 
model to check the applicability of the DSC method for measuring the heat of fusion as an 
approximation.  
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Experimental 
 
TGA-DTA with Evolved Gas Analysis (EGA) 
 

A simultaneous TGA and DTA analysis was performed using TA Instruments SDT 2960 
Simultaneous DTA-TGA.  Approximately 60-mg samples were heated at a constant heating 
rate of 5°C/min from room temperature to 1450°C.  The gases evolved from the batch 
materials and carried in a 65 ml/min stream of pure He were analyzed quantitatively by gas 
chromatography/mass spectrometry (GC/MS) using Hewlett Packard 5890A GC and 5971A 
MS.  Eight different batches used in this study are described below: 

Batch #1 - 100% batch (normal batch with five major raw materials with gypsum) 
(60 mg) (Carbocite was not used because the quantity was too small, 
0.014 mg) 

Batch #2 - Two parts sand (40 mg) and one part soda ash (20 mg) 
Batch #3 - Two parts sand (40 mg) and one part limestone (20 mg) 
Batch #4 - Two parts feldspar (40 mg) and one part soda ash (20 mg) 
Batch #5 - Two parts feldspar (40 mg) and one part limestone (20 mg) 
Batch #6 - Two parts sand (30 mg), one part soda ash (15 mg), and one part limestone 

(15 mg) 
Batch #7 - Two parts feldspar (30 mg), one part soda ash (15 mg), and one part limestone 

(15 mg) 
Batch #8 - Two parts sand (30 mg), one part soda ash (15 mg), and one part burnt lime 

(15 mg) 
 
Batch Expansion with EGA 
 

The batch materials with and without glass cullet contained in a tall quartz crucible were 
heated at 5°C/min from 80 to 1450°C in a special furnace (quartz-crucible furnace) equipped 
with a quartz-viewing window.  The batch changes as a function of time are recorded on 
video, and then the change of batch height is measured as a function of temperature.  The 
following three batches were tested in this study.  The total amount of batch used was the 
amount that gives 15 g of glass.  The gases evolved from the batch materials and carried in a 
65 ml/min stream of pure He were analyzed quantitatively by GC-MS. 

• 100% batch (16.93 g to make 15 g glass)  

• 70% batch - 30% cullet (16.35 g to make 15 g glass)  

• 50% batch - 50% cullet (15.97 g to make 15 g glass)  
 

The %cullet is calculated based on the final glass weight, for example, the 50% batch -
50% cullet consists of an 8.47 g of batch raw materials to produce 7.5 g of glass and 7.5 g of 
cullet.  The particle size of glass cullet used in the batch expansion study was kept between 
0.84 and 2 mm (10 to 20 mesh).  This particle size was decided as a compromise between a 
better uniformity of batch materials-glass cullet contact area with a fine particle size and 
closer simulation of production batches with a large size of up to several cm.   
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Heat Capacity and Heat of Fusion 
 

DSC analysis was performed in two different modes with the ambient flow rate of 10 
ml/min of N2 using Netzsch STA 409C: 1) a simultaneous TGA-DSC mode was performed 
for all three batches listed below at a constant heating rate of 5°C/min from room temperature 
to 1450°C and 2) a heat capacity (Cp) mode was performed on the 100% batch and the glass 
cullet at a constant heating rate of 20°C/min from room temperature to 1450°C.  
Approximately 50- to 56-mg samples to give ~50 mg of glass were used for each run.  The 
glass cullets used in DSC analysis were those finer particles that passed 20 mesh (0.84 mm). 

• 100% batch (~56 mg to make 50 mg of glass)  

• 50% batch – 50% cullet (~53 mg to make 50 mg of glass)  

• 100% glass cullet (~50 mg) 
 
For the heat-capacity measurements, a simplified method was used instead of the more 

rigorous American Society for Testing and Materials (ASTM) method (specified as ASTM E 
1269-01) to save time.  The simplified method is expected to give a little higher error of 
±10% compared to ±6% of the ASTM method.  Because the DSC method to measure the heat 
capacity for the materials with extensive phase change and reactions involving solid, liquid, 
and gas phases is not a standard procedure, it should be considered as a first approximation 
without any validation.  
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Results and Discussion 
 

The results of TGA and DTA tests on eight batches are in Figures 1 through 8.  Figures 9 
through 16 are the plots of TGA weight change and the gas evolution rate as a function of 
temperature during TGA-DTA runs.  The TGA weight-loss curves are included in Figures 9 
through 16 for direct comparison with gas-evolution curves.  The major batch gas was CO2 
from the decomposition of soda ash and limestone.  The evolution of CO gas follows the CO2 
release at a rate of roughly 5% of CO2.  All the TGA weight loss curves show a very good 
match with the gas-evolution rates.  In the EGA study from TGA-DTA, the refining gases are 
not detected because the amount of SO2 and O2 gases evolved from a small-sized batch are 
below the detection limit of the GC-MS system.  Some of the major points to note are: 

• The small endothermic peak centered at 575°C that appears in the DTA of every batch 
containing sand is the well known α - β inversion of quartz. 

• The weight loss curve in the 100% batch (Figure 1) shows two major weight-loss 
segments centered at 650°C and 830°C, which are attributed to the decomposition of 
limestone and soda ash, respectively, generating CO2 and CO gases. These two segments 
exactly match the weight-loss segments observed in two-component batches of sand-
limestone and sand-soda ash shown in Figures 2 and 3.  The same trend can also be 
observed from gas-evolution curves; see Figures 9, 10, and 11.  

• In two-component batches containing limestone, there is no significant difference in the 
temperature range of weight-loss reactions between batches containing sand and feldspar.  
(Batch #3 compared to #5).  However, in the feldspar-soda ash batch (#4, Figure 4), the 
melting reactions start at a lower temperature and continue to a higher temperature 
compared to the sand-soda ash batch (#2, Figure 2).  The “residual” reactions continue up 
to 1100°C, which is not observed in the sand-soda ash batch.  The residual reactions were 
also detected by EGA as shown in Figure 12 compared to Figure 10.  Figure 17 compares 
the CO2 evolution rates in all the two-component batches tested in this study. 

• The three-component batch, Batch #6 (Figure 6) is similar to the 100% batch (#1, 
Figure 1) with the two major weight-loss segments.  The extent of the first weight-loss 
segment is larger in #6 than in the 100% batch just because of the higher limestone 
fraction in #6.  However, the feldspar-containing three-component batch (#7, Figure 7) 
shows different reaction characteristics.  Although the first segment is similar to #6, the 
second segment of weight loss (by soda ash) shows delayed reactions that continue to a 
higher temperature region up to 1100°C (Figures 7 and 15 compared to Figures 6 and 14), 
which is the same as observed in two-component batches.  It is likely that the delayed 
reaction in feldspar-containing batches is caused by the formation of sodium-aluminum 
silicate phases.  Figure 18 compares the CO2 evolution rates in a 100% batch and three-
component batches. 

• When the three-component Batch #8 with burnt dolomite is compared to that with 
limestone (#6), the batch with burnt dolomite caused the soda ash-silica reaction to start at 
a slightly lower temperature, as compared in Figure 19. 
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Figures 20 through 22 are the plots of the change of the gas-evolution rate and batch 
volume as a function of temperature for the three batches with 0, 30, and 50 wt% glass cullet.  
The major batch gases (CO2 and CO) from the decomposition of soda ash and limestone 
evolve in a temperature range of roughly 700 to 1100°C with the peak evolution rate at about 
900°C.   
 

Batch expansion typically starts after the main stream of CO2 gases evolve.  This was first 
suggested by Kim and Hrma (1990) and later confirmed by Laimböck (1998).  Figures 23 
through 27 show the effect of cullet content on batch expansion and the evolution rate of 
different gases.  Expansion temperature, defined as the intersection of the tangent to the rising 
slope of relative batch volume with the baseline volume, decreases with increasing cullet 
content, from 960°C to 925 and 880°C.  This can be attributed to the early formation of 
viscous melt that can trap the evolved gases at a higher cullet content.  Interestingly, the 
evolution of batch-reaction gases (CO2 and CO) started at the same temperature with 
approximately the same initial rising slope regardless of cullet content, but reached the peak 
earlier and then ended earlier at a lower temperature with the increase of cullet content, as 
shown in Figures 24 and 25.  However, no noticeable effect of cullet content on the maximum 
batch expansion was observed.  The combined effect of cullet content, i.e., the decrease of the 
expansion temperature and early end of CO2 and CO evolution with increasing cullet content, 
resulted in similar maximum expansion. 
 

The refining gases from sulfate decomposition, SO2 and O2, began to evolve at 
approximately 1100°C and continued to the final temperature used in this study.  As shown in 
Figures 26 and 27, there was no apparent trend regarding the effect of cullet content on the 
SO2 and O2 evolution rate, which might provide valuable information on the effect of cullet 
content on the refining behavior.  The severe fluctuation of the evolution rate makes it 
impossible to catch a small difference in gas-evolution temperature and gas-evolution rate that 
might exist between batches with a different cullet content.  This instability may be attributed 
to the bubbles busting at the melt surface.  This project was not designed to study refining.  
For a more detailed study on refining (for example, to study the effect of cullet content on the 
refining behavior) would require modified test methods specifically designed to overcome the 
instability caused by bubble bursting.   
 

The effect of batch size on batch reactions can be considered by comparing the CO2 and 
CO evolution rates obtained from two different tests of TGA-DTA and batch expansion as 
shown in Figure 28.  The temperature of gas evolution shifts to a higher range by the 
increased batch size, reflecting the fact that heat transfer is one of the major factors that 
determine the batch reaction rates. 
 

The weight-loss and energy-change curves from simultaneous TGA-DSC tests are in 
Figures 29 through 31.  The simultaneous TGA-DSC tests were not included in the initial plan 
for this project but were performed as a preliminary step before the heat-capacity-mode DSC 
tests.  The TGA result in the 100% batch is in good agreement with that from a simultaneous 
TGA-DTA run.  The DSC curves in 100% batch and 50% batch-50% cullet show three major 
peaks that correspond to the α-β inversion of quartz (~575°C) and the decomposition of 
limestone (~700°C) and soda ash (~850°C), similar to the curves from TGA-DTA.  The DSC 
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curve of 100% cullet shows two inflection points, indicating phase transformation—the first is 
believed to be the glass-transition temperature at 560°C, but the second at ~730°C may be 
related to the sintering of glass particles.  Figure 32 compares the three DSC curves. 

 
The heat of fusion (∆H1, kJ/kg glass) is defined as the energy required to transform a 

certain amount [(1 + b) kg] of batch material at room temperature to 1 kg of glass melt and 
b kg of gas at temperature T. 
 
 [(1 + b) kg of batch](Troom) → (1 kg of glass melt)(T) + (b kg of gas)(T) (∆H1) (1) 
 
This value involves: 

• the heat necessary to increase the temperature of the raw materials and intermediary 
phases to their reaction temperatures and the heat necessary to increase the temperature of 
the end products to the final temperature T 

• the heat of dissociation for raw materials and chemical reactions 

• the heat of fusion involved in the formation of the first melts of certain components and 
the mixing enthalpy involved in the formation of the homogeneous glass melt. 

 
Figure 33 shows the Cp measured by DSC as a function of temperature for the glass cullet 

and 100% batch.  The heat capacity curve of the glass cullet shows two points of abrupt 
increase of the slope—first at 550°C due to glass transition and second at 750°C, presumably 
due to sintering of glass particles, as were also observed in a simultaneous TGA-DSC mode.  
Assuming that there are no major phase changes involving a significant reaction heat up to 
approximately 500°C, the Cp(T) of a 100% batch up to this temperature can be regarded as an 
average Cp of all the batch materials.  

 
The DCS runs for Cp measurement were unintentionally stopped at about 1200°C because 

of an error in equipment operation. Based on the information that the Cp of glass at above 
600°C is approximated as a constant (Scholze 1990), the Cp data in the temperature range 
from 1100 to 1200°C was used to extrapolate the data to 1500°C. Because the 100% batch 
had the same Cp value as the glass at about 1200°C (marked as X in Figure 33), this was used 
as a starting point to use the same value as the glass cullet. The extrapolated Cp curves are in 
Figure 34.   
 

The heat of fusion of glass cullet is a simple integration of Cp(T) over the temperature 
range of interest.  The same integration of Cp(T) of a 100% batch over temperature would 
include most of the energy involved in ∆H1 except for the energy required to heat the evolved 
gases from the temperature of gas evolution to the temperature T.  (This involves the 
assumption that the Cp measurements were not disturbed by the phase transformation, 
chemical reactions, or gas generations.)  Then the total energy obtained from DSC Cp(T) 
measurements is given as: 
 
 ∆HDSC(T) = ∫

T dTTCp
298

)(  = ∆H1(T) - ∆HEG(T) (2) 
 



 7

where ∆HEG(T) is the energy required to heat the evolved gases from the temperature of gas 
evolution to the temperature T.   

 
Models have been developed to calculate the ∆H1 from the batch composition and the 

thermochemical data of the phases involved in batch melting reactions.  Below is a summary 
of the model developed by Madivate (1998).  The calculation is based on the breakdown of 
Reaction (1) into three reactions: 
 
 [(1 + b) kg of batch](Troom) → (1 kg of glass)(Troom) + (b kg of gas)(Troom) (∆HR) (3) 
 
 (1 kg of glass)(Troom) → (1 kg of glass melt)(T) (∆Hglass) (4) 
 
 (b kg of gas)(Troom) → (b kg of gas)(T) (b∆Hgas) (5) 
 
where T is the absolute temperature.  Then ∆H1 is calculated as a sum of the ∆H values in 
reactions (3) to (5): 
 
 ∆H1(T) (kJ/kg of glass) = ∆HR(Troom) + ∆Hglass(T) + ∆Hgas(T) (5) 
 
Further, the ∆HR is calculated as a sum of two terms: 
 
 ∆HR = ∆Hd + ∆Hg (7) 
 
where ∆Hd represents the energy necessary to decompose the raw materials to their respective 
oxides and ∆Hg represents the energy involved in the formation of the vitreous phase from the 
oxides.   
 

All the data necessary to calculate the ∆H values for typical soda-lime silicate glasses are 
given in Madivate (1998) and Madivate et al. (1996).  Before proceeding to calculate the 
∆H1(T) of the glass used in this study, one of the glass compositions given in Madivate (1998) 
and Madivate et al. (1996) was used to check the accuracy of our calculation.  During this 
calculation, the major discrepancy of the given coefficients was found between the two 
references.  The discrepancy and the temporary solutions to resolve this discrepancy are 
described in Appendix A.1  
 

Figure 35 compares the ∆H1(T) values obtained for a clear flat glass (Glass I) used in 
Madivate (1998).  The calculated values in this study are in reasonable agreement with the 
reported value in Madivate (1998), indicating that the present calculation is close enough 
although not accurate to the exact values.  Figure 35 also shows the results of the ∆H1(T) 
calculation on the glass used in this study using the model (Equation (5)) by Madivate (1998) 
and using Equation (2) and Cp(T) values obtained from the DSC measurement (Figure 34).  
To calculate ∆HEG(T) in Equation (2), it was assumed that the gases from the decomposition 
                                                 
1 Because the resolution in Appendix A is not verified by the original authors nor supported by additional data, 
the ∆H1(T) values calculated for the glass in this report should be treated as an exercise rather than the data for 
application until they are validated. 



 8

of limestone and soda ash were all CO2 and that the gases from each material evolve at once 
at the temperature of peak gas generation.  The peak-gas-generation (or peak-reaction) 
temperatures obtained from the DSC curve were used: 780°C for limestone and 870°C for 
soda ash.  These were higher than the temperatures found in TGA-DTA with EGA, which are 
likely caused by a higher heating rate used in Cp measurement (20°C/min compared to 
5°C/min in TGA-DTA).  The maximum deviation from each other within the temperature 
range in Figure 35 is about 10%, which is close to the expected error of ±10% in DSC ∆H1(T) 
measurements.  This is an encouraging result considering that several assumptions were 
involved in these calculations.  

 
The ∆H1(T) value calculated by integrating the Cp(T) of the glass cullet corresponds to 

∆Hglass in Equation (4).  Figure 36 compares the ∆Hglass of glass cullet calculated from the 
Cp(T) and the ∆Hglass calculated during the course of calculating the ∆H1(T) of the glass batch.  
They show general agreement with each other within the temperature range used.   

 
Based on comparisons in Figures 35 and 36, it may be suggested that the DSC Cp 

measurements can be used to calculate the ∆H1(T) values of the glass batch containing raw 
materials. However, it has been realized that it is necessary to improve DCS methods in order 
to obtain accurate Cp data and the calculated data need to be fully validated.  Once this 
method is well established and validated, it can provide a very economical way of deriving 
the heat of fusion data for many different technical glass batches. 
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Conclusions 
 

From the study of batch expansion and TGA-DTA combined with evolved gas analysis, 
the batch-reaction data on a soda-lime-silicate glass composition have been obtained 
including the effect of the cullet ratio on the reaction rate of cullet-containing batches.  The 
batch-reaction data obtained in this study can be incorporated into the batch part of the glass 
furnace model.  The methodology developed during this study with a soda-lime glass batch 
can be applied to other technical glass batches.  It was suggested that test methods should be 
modified for the detailed study of refining by refining agents. 

 
It has been suggested that DSC can be used to measure the heat capacity of the glass cullet 

and the batch of raw materials, and this measurement can be used to estimate the heat of 
fusion needed for the batch model.  With the improvement of measurement accuracy and the 
validation of the assumptions involved in the calculations, the combined method of applying 
DSC Cp measurements and thermochemical calculation would become a valuable tool for 
obtaining data for batch model calculation for many different technical glass batches.  
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Appendix A.  Discrepancy of data between two references, Madivate (1998) and 
Madivate et al. (1996) 
  
 

Table II in Madivate (1998) lists the factors ai and bi to calculate ∆Hglass using the 
following equation: 
 
 ∆Hglass(T) = Σ(%oxide)iai + Σ [(%oxide)ibi]T 
 
where (%oxide)i is the content of a given oxide in the glass.  On the other hand, Table 6 in 
Madivate et al. (1996) shows the values of ei = Σ(%oxide)iai and fi = Σ [(%oxide)ibi], which 
are used to directly calculate ∆Hglass(T) (denoted as ∆Hb(T) in Madivate et al. (1996)).  
 

Table A1 compares the ei and fi values calculated from the ai and bi given in Table II of 
Madivate (1998) for the six glasses used in both references with the ei and fi values given in 
Table 6 in Madivate et al. (1996).  The calculation of ∆H1(T) for one of the glasses used in 
both references using the different set of fi values in Table A1 revealed that the bi values in 
Table II of Madivate (1998) are in error.   
 

Table A2 shows the bi values back calculated from the fi values given in Table 6 of 
Madivate et al. (1996) together with the bi values in Table II of Madivate (1998).  These back 
calculated bi values were used for the calculation of ∆H1(T) for the glass composition tested in 
this study.  Because there were seven components while fi data were available only for six 
glasses, the bi values for only six components were calculated and the Fe2O3 coefficient was 
assumed to be correct.  Therefore there is a chance that this back calculation conducted in this 
Appendix may not be accurate. 
 

It was also noticed that the ei values for two glasses (III and IV) show a discrepancy 
between the references as shown in Table A1.  It was not attempted to find the resolution of 
this discrepancy.   
 
 
Table A1.  Comparison of the ei and fi values given in Table 6 of Madivate et al. (1996) with 

the values calculated from Table II of Madivate (1998) 
  ei fi 

Glass Given* Calculated** Given* Calculated** 
I -614.0 -616.0 1.373 0.645 
II -1121.4 -1123.4 1.767 1.051 
III -810.3 -909.0 1.539 0.895 
IV -682.9 -599.8 1.428 0.756 
V -888.1 -880.4 1.603 0.929 
VI -756.5 -763.0 1.521 0.870 

  *Given in Table 6 of Madivate et al. (1996) 
  **Calculated from Table II of Madivate (1998) 
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Table A2.  Comparison of the ei and fi values given in Table 6 of Madivate et al. (1996) with 
the values calculated from Table II of Madivate (1998) 

 Given* Calculated
Coxide ai bi bi 
SiO2 67.7 -0.014 -0.022 
Na2O -133.3 -0.027 0.066 
K2O -17.9 -0.159 -0.092 
CaO -264.0 0.148 0.068 
MgO -224.4 0.124 0.265 
Al2O3 -365.1 0.250 0.540 
Fe2O3 -942.9 0.626 0.626 

*Given in Table II of Madivate (1998) 
**Back calculated using the fi values given in Table 6 of Madivate et al. (1996) 
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Figure 1.  TGA and DTA of Batch #1 (100% Batch) 
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Figure 2.  TGA and DTA of Batch #2 (two parts sand and one part soda ash) 
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Figure 3.  TGA and DTA of Batch #3 (two parts sand and one part limestone) 
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Figure 4.  TGA and DTA of Batch #4 (two parts feldspar and one part soda ash) 
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Figure 5.  TGA and DTA of Batch #5 (two parts feldspar and one part limestone) 
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Figure 6.  TGA and DTA of Batch #6 (two parts sand, one part soda ash, and one part 

limestone) 
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Figure 7.  TGA and DTA of Batch #7 (two parts feldspar, one part soda ash, and one part 

limestone) 
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Figure 8.  TGA and DTA of Batch #8 (two parts sand, one part soda ash, and one part burnt 

lime) 
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Figure 9.  TGA and EGA of Batch #1 (100% Batch) 
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Figure 10.  TGA and EGA of Batch #2 (two parts sand and one part soda ash) 
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Figure 11.  TGA and EGA of Batch #3 (two parts sand and one part limestone) 
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Figure 12.  TGA and EGA of Batch #4 (two parts feldspar and one part soda ash) 
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Figure 13.  TGA and EGA of Batch #5 (two parts feldspar and one part limestone) 
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Figure 14.  TGA and EGA of Batch #6 (two parts sand, one part soda ash, and one part 

limestone) 
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Figure 15.  TGA and EGA of Batch #7 (two parts feldspar, one part soda ash, and one part 

limestone) 
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Figure 16.  TGA and EGA of Batch #8 (two parts sand, one part soda ash, and one part burnt 

lime) 
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Figure 17.  Comparison of CO2 Evolution Rate in Two-Component Batches (#2 - #5) 
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Figure 18.  Comparison of CO2 Evolution Rate in Multi-Component Batches (#1, #6, and #7) 
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Figure 19.  Comparison of CO2 Evolution Rate in Sand-Soda Ash Batches with Limestone 

(#6) and Burnt Lime (#8) as a Source of Alkaline Earth Oxides (CaO and MgO) 
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Figure 20.  Gas Evolution Rate and Batch Expansion of 100% Batch as a Function of 

Temperature 
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Figure 21.  Gas Evolution Rate and Batch Expansion of 70% Batch – 30% Cullet as a 

Function of Temperature 
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Figure 22.  Gas Evolution Rate and Batch Expansion of 50% Batch – 50% Cullet as a 

Function of Temperature 
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Figure 23.  Comparison of Batch Expansion in Batches with Different Cullet Contents 
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Figure 24.  Comparison of CO Evolution Rates in Batches with Different Cullet Contents 
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Figure 25.  Comparison of CO2 Evolution Rates in Batches with Different Cullet Contents 
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Figure 26.  Comparison of SO2 Evolution Rates in Batches with Different Cullet Contents 

 
 

O2

0

0.001

0.002

0.003

0.004

0.005

0.006

1000 1100 1200 1300 1400 1500

Temperature (°C)

G
as

 E
vo

lu
tio

n 
R

at
e 

(m
l/m

in
/g

 g
la

ss
)

100% Batch
70% Batch 30% cullet
50% Batch 50% cullet

 
Figure 27.  Comparison of O2 Evolution Rates in Batches with Different Cullet Contents 
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Figure 28.  Comparison of CO2 Evolution Rate in 100% Batches Measured in TGA-DTA and 

Quartz-Crucible Batch Expansion Tests 
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Figure 29.  Simultaneous DTA-DSC Results on 100% Batch 
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Figure 30.  Simultaneous DTA-DSC Results on 50% Batch - 50% Cullet 
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Figure 31.  Simultaneous DTA-DSC Results on 100% Cullet 
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Figure 32.  Comparison of DSC Curves in 100% Batch, 50% Batch – 50% Cullet, and 100% 

Cullet 
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Figure 33.  Heat Capacity as a Function of Temperature Measured by DSC 
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Figure 34.  Heat Capacity Data Extrapolated to 1500°C Based on the Data for the Cullet from 

1100 and 1200°C 
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Figure 35.  ∆H1 as a Function of Temperature for Clear Flat Glass (Glass I) Reported in 

Madivate (1998) and the Glass Used in this Study  
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Figure 36.  Comparison of ∆HGlass of the Glass Used in this Study Calculated Based on 

Madivate (1998) and Calculated from Cp(T) Obtained from DSC Measurement 
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